Key points
• The bispecific, tetravalent antibody AFM13 represents a new approach engaging natural killer cells via CD16A to fight CD30+ malignancies
• AFM13 is well tolerated and active in Hodgkin lymphoma patients who received all standard therapies including brentuximab vedotin
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Introduction
The majority of Hodgkin lymphoma (HL) patients can be cured with risk-adapted treatment including chemotherapy and radiotherapy 1 . Even when initially diagnosed with advanced stage disease, more than 70% of these patients achieve long-term remission 2 . However, depending on initial risk factors and treatment, 10-30% progress or relapse. Of these patients, only up to 50% can be cured with high-dose chemotherapy (HDCT) and autologous stem cell transplantation (ASCT) 3, 4 . The median overall survival after ASCT failure is approximately two years 5, 6 . A significantly poorer outcome was observed for patients with primary progressive HL or relapse within 12 months after initial therapy 7, 8 . Severe life-threatening treatment-related side effects such as organ toxicity or secondary malignancies might occur during first-line or after treatment 1, 9, 10 .
Several new drugs are currently in clinical development for the treatment of relapsed/refractory HL including small molecules affecting signalling pathways, and specific as well as non-specific immunotherapeutic approaches 11, 12 . Brentuximab vedotin, an antibody drug conjugate (ADC) targeting CD30, was the first targeted therapy approved in 2011.
Today, brentuximab vedotin is an established treatment for relapsed/refractory HL 12, 14 .
However, although the vast majority of patients respond to this treatment, the median progression free survival is below 6 months 15 . This indicates a continuing high medical need for the respective patient population.
Immunotherapies play an increasingly important role in the treatment of hematological malignancies including HL. Three immunological approaches are currently the focus of clinical development in HL: 1) the so-called checkpoint inhibition, e.g. nivolumab 16 , pembrolizumab 17 and ipilimumab
18
, 2) the modulation of the immune status and tumor environment, e.g. lenalidomide 19, 20 and an anti-CD30xCD64 antibody 22, 23 . Both antibodies showed encouraging signs of clinical activity but further development was halted due to manufacturing issues.
The bispecific tetravalent TandAb® AFM13 is the first antibody that specifically recruits NK cells by binding exclusively to the isoform CD16A. TandAbs® have two binding sites for each antigen but no Fc domains 24, 25 . AFM13 has a molecular weight of 104 kDa and is 
Study design and procedures

AFM13-101
was an open label, single-arm phase I dose escalation study for patients with relapsed or refractory Hodgkin lymphoma (ClinicalTrials.gov Identifier: NCT01221571). The primary objectives of this study were to evaluate safety and tolerability of AFM13 and to identify the maximum tolerated dose (MTD, the highest dose level at which less than 33% of patients experience dose limiting toxicity (DLT)) or the optimum biological dose (OBD, the dose level immediately above the one at which either complete responses (CR) and/or partial responses (PR) were observed in three patients). Secondary objectives were pharmacokinetics, anti-tumor activity and pharmacodynamics of AFM13. The latter included immunological markers, e.g. NK-cell activation, serum outcome markers, cytokine release, and others measured in peripheral blood.
AFM13 was infused once a week for four weeks (=1 cycle). This dosing regimen was solely based on in vitro pharmacodynamics and non-clinical pharmacokinetic data in Cynomolgus monkeys, because the establishment of a humanized disease model of HL was not successful.
The first infusion of AFM13 had to be given over 4 hours and was then, if well tolerated, Patients were treated in cohorts of three patients per dose level. The number of patients was expanded to six in those cohorts where one out of three patients developed a DLT, which was defined as any Grade 3 or higher toxicity or any treatment delay ≥ 21 days due to drug-related adverse events (AEs). If none of the three patients in one cohort developed a DLT, the dose was escalated. If at least 2 of 6 patients within a cohort experienced a DLT, the dose immediately below this dose level was considered MTD. Those patients who showed stable disease (SD), partial or complete response after the first cycle of treatment were eligible to receive one additional cycle of AFM13 at the discretion of the investigator. According to the study protocol, an alternative dosing schedule with AFM13 administered twice a week had to be introduced in case the half-life of AFM13 was shorter than 4 days.
Study assessments
Safety was assessed by CTCAE version 4.02 and included clinical examinations, the assessment of AEs, DLT and laboratory parameters.
Serum concentrations for AFM13 were measured using an electrochemiluminescence (ECL) assay. Blood samples were collected prior to and immediately after the end of each infusion during cycle 1 in all patients. Furthermore, after the first infusion blood samples were taken at different time points during and after the infusion. In patients receiving a twice weekly regimen, an additional sampling identical to the one after the first application was done on the last infusion day. Pharmacokinetic parameters were derived by non-compartmental analyses. 
Results
Patients
A total of 28 patients were treated at 3 sites between September 2010 and December 2012.
The patients' characteristics are shown in Table 1 . Their median age was 38.5 years (range 19 to 72) and the majority were male (57.1%). All patients had classical HL with nodular sclerosis as the most frequent histological subtype. Whilst only 9 patients had stage III/IV disease at first diagnosis, 18 patients had stage III/IV disease at initiation of AFM13 treatment. The median time between first diagnosis and initiation of AFM13 treatment was 52 months. The median number of prior therapy regimens was 6 (range 3 to 11). 22 patients had been treated with HDCT and ASCT and 24 patients with radiotherapy. Nine patients had a history of brentuximab vedotin treatment, seven of them received brentuximab vedotin as most recent treatment prior to AFM13. 14 patients were refractory and 14 patients had relapsed after their most recent therapy.
In each of the dose cohorts of the weekly AFM13 regimen three patients were treated, with exception of cohort 4 (0.5 mg/kg) in which 6 patients were treated due to the occurrence of a DLT. 24 patients completed the dose escalation phase of the weekly AFM13 regimen with a maximum dose of 7mg/kg body weight according to the study protocol. 5 of these 24 patients received a second cycle of therapy: two in cohort 3 (0.15 mg/kg) and one in each of cohorts 4 (0.5 mg/kg), 5 (1.5 mg/kg) and 6 (4.5 mg/kg). 4 additional patients were treated with a twice weekly regimen of 4.5 mg/kg over 4 weeks.
Safety
All 28 patients received at least one infusion of AFM13 and were included in the safety population. All patients had a minimum of 4 infusions (1 cycle) except for one patient in cohort 4 (0.5 mg/kg) who received only 3 weekly infusions. This patient was the only one who discontinued treatment due to the occurrence of a serious adverse event which was also the only dose limiting toxicity observed in the study (see below).
Upon the completion of the per protocol dose escalation phase, the maximum tolerated dose was not reached. 27 of 28 patients developed at least one AE, most AEs were mild to moderate. The most common adverse events occurring in 4 or more patients were fever (15 patients, 53.6%), chills (11 patients, 39.3%), headache (8 patients, 28.6%), nausea, nasopharyngitis (5 patients each, 17.9%), infusion reaction, rash, vomiting and pneumonia (4 For personal use only. on April 15, 2017 . by guest www.bloodjournal.org From patients each, 14.3%) ( Table 2 ). Of the above-mentioned most common events only one case of fever and 4 cases of pneumonia were CTCAE Grade ≥ 3. Only one of the 4 pneumonia cases was considered to be possibly related to treatment. Overall, three patients with pneumonia, including the possibly related case, recovered after initiation of antibiotic treatment, one patient developed a fungal pneumonia as described below.
9.2% of all observed AEs were Grade ≥ 3 with overall 8 patients (28.6%) experiencing at least 1 AE of Grade ≥ 3 (Table 3 ). 51.8% of the events were considered to be treatment-related, of which almost all occurred during or shortly after the AFM13 administration and were evaluated as infusion-related reactions.
The only DLT observed in the study was a hemolytic anemia CTCAE Grade 4 in a patient treated in cohort 4 (0.5 mg/kg) after he received three infusions of AFM13, which the investigator considered to be possibly related to the treatment. This DLT could not be followed up further because the patient subsequently developed a fungal pneumonia (probably by aspergillus) with sepsis and fatal multi-organ failure. These events were considered to be unlikely related to study drug. No further relevant anemia was observed during the course of the study. There was one further death of a patient treated in cohort 5 (1.5 mg/kg) who received all 4 infusions but died from a progressive pulmonary infiltrate of HL, which was histologically confirmed and considered to be unlikely related to study drug.
Overall, neither the number nor the severity or relatedness of reported adverse events increased during the dose escalation from 0.5 mg/kg up to the highest dose of 7 mg/kg body weight. Also, a higher dose density in the twice weekly regimen of 4.5 mg/kg did not result in a different safety profile.
Anti-Drug-Antibodies (ADAs) were detected in 15/28 patients during the course of treatment, and were present in all dose cohorts except for the 4.5 mg/kg twice weekly cohort. Of note, 4 patients had detectable anti-drug antibody only at one time point prior to or early during the treatment period (Cycle 1 Day 1 or 15) and never again thereafter. In 8/15 patients ADAs with neutralizing potency could be detected: one patient in cohort 0.4 mg/kg, two patients in each cohort of 0.15 mg/kg and 1.5 mg/kg and three patients in cohort 0.5 mg/kg. Sera revealing the highest neutralizing potential were derived from a patient treated with 0.15 mg/kg followed by a patient in the 1.5 mg/kg cohort. In all other patients the neutralizing potential was low, i.e. just above the defined neutralizing cut point. It is not known against which immunogenic structure of AFM13 ADAs were directed.
Pharmacokinetics
Systemic exposure of AFM13 increased with escalating doses slightly greater than dose proportional. Figure 2 Response to the treatment 26 of 28 patients were eligible for efficacy evaluation, in 2 patients tumor response data were missing: one patient (cohort 1; 0.01 mg/kg) received all 4 infusions but left the study before tumor assessment could be done; a second patient (cohort 4; 0.5 mg/kg) received only 3 infusions when study participation was discontinued due to adverse events. The overall response rate (ORR) was 11.5% with three patients achieving PR and 13 patients (50%) achieving SD, resulting in a disease control rate (DCR) of 61.5%. 10 patients (38.5%) had progressive diseases (PD) (Table 4, Figure 3A) . Partial responses were observed in two patients in the 1.5 mg/kg weekly cohort and one patient in the 4.5 mg/kg twice weekly cohort.
Thus, the OBD was not identified. Of the 9 patients previously treated with brentuximab vedotin, 7 had received brentuximab vedotin as most recent treatment. In all 7 patients treatment was discontinued because of PD. 6/7 patients achieved a SD through treatment with AFM13. Figure 3B shows a waterfall-plot with the respective relative changes in tumor volume for these patients during AFM13 treatment.
Since patients were not further followed up after the treatment, no data on progression free survival (PFS) or duration of response are available. However, time to next treatment (TTNT) was assessed retrospectively for those patients with PR and SD. TTNT was in the range of 1.5 to 9 months with a mean of 5.1 months and a median of 5 months.
Biomarker analysis
AFM13 treatment resulted in a decrease of the total number of detectable circulating NK-cells immediately after infusion. This effect was transient and total NK-cell numbers were back to baseline levels prior to the next infusion (data not shown). In parallel, the relative portion of activated NK-cells, indicated by CD69+, increased immediately after the infusions as already published by us in Reiners et al. 27 This observation was dose-independent and strongest after the 1 st infusion. However, during the period between the infusions activated NK-cells AFM13 had a significant, dose-dependent effect on sCD30 levels in serum of patients. Whilst sCD30 levels decreased on average by 27% in patients receiving doses <1.5 mg/kg AFM13, levels were decreased by 89% in patients receiving doses of ≥ 1.5 mg/kg. Quantifiable serum cytokine levels could only be measured for IL-6 (n=8), IL-8 (n=4), IL-10 (n=3) and TNF-α (n=7). No cytokine release was detected in patients receiving doses <0.5 mg/kg AFM13. Data on cytokine release were inconclusive regarding a correlation with dose or activity of AFM13. Similarly, assessment of ADCC activity through quantification of granzyme B and serum outcome markers TARC, BAT3 and sMICA did not provide conclusive information. Whilst for most of these parameters the serum concentrations were below the detection limit, only TARC could be quantified in the majority of patients.
However, TARC levels varied from patient to patient and did not show any relationship to the
AFM13 dose administered or clinical effect observed (data not shown).
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Discussion
Antibody-mediated recruitment of cytotoxic immune effector cells to tumors using bispecific antibodies is a cell-based immunotherapeutic approach for the treatment of hematological malignancies. Blinatumomab, a CD19xCD3 bispecific T-cell-engager (BiTE®, Amgen), has shown impressive efficacy in ALL and DLBCL patients 28, 29 . AFM13 is a novel NK-cellrecruiting antibody which targets CD30 and CD16A and which may provide a new treatment option for patients with relapsed or refractory HL. As compared to T-cells, which belong to the adaptive immune system, NK-cells are part of the innate immune system with the potential to recognize and destroy degenerated and neoplastic cells.
In the phase I study reported here, AFM13 was investigated in heavily pre-treated HL patients who had received all standard therapies. Whilst pre-clinical in vitro data indicated the potency and specificity of AFM13 to kill CD30+ cells 25 , there was no appropriate in vivo model to demonstrate safety and efficacy of NK-cell activation by AFM13 against HL cells. In addition, there was no experience with antibodies specifically targeting CD16A. Therefore, in agreement with competent authorities, AFM13 dose and regimen were selected with the focus on the patient's safety rather than for showing efficacy. The dosing started very low and was then escalated 700-fold. Further, a low dose intensity was selected with weekly doses over 4 weeks per cycle. If AFM13 proved to be safe during the escalation and the PK data indicated that a more frequent dosing is reasonable, a twice weekly regimen could be investigated.
The treatment with AFM13 was well tolerated with dominantly mild to moderate adverse events. Fever and chills were the most frequent events, all of which were managed through standard supportive care, without need for pre-medication. One patient in the 0.5 mg/kg dose cohort developed a possibly drug-induced Grade 4 hemolytic anaemia. This patient died from an invasive fungal disease before completion of the study which was not related to AFM13.
Referring to pre-clinical data, there has been no indication for an increased risk of hemolytic anemia. However, autoimmune hemolytic anemia was described in HL patients, in particular in stages III and IV of the disease 30 . No further signs of hemolytic anemia were observed in other patients treated with AFM13, even at doses which were up to 14 times higher. Overall, the MTD was not reached in the study and an independent data monitoring committee (IDMC) indicated no safety concerns for the further development of AFM13.
Although the MTD was not reached, this Phase I study demonstrated a well acceptable safety profile of AFM13. The safety profile was stable for AFM13 doses in the range from 0.05mg/kg to 7 mg/kg, i.e. during a 140-fold dose increase. Also, a more dose intense regimen of a twice weekly regimen of 4.5 mg/kg did not result in a higher risk for the patients. Based
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The tetravalent bispecific TandAb ® AFM13 seems to have a favorable PK profile compared to smaller bivalent, bispecific antibodies such as the BiTE ® antibodies, which have to be administered as a continuous infusion over several weeks 29, 31 . The longer half-life of AFM13 of up to 19 hours is caused by the molecular weight of 104 kDa, which is double that of the BiTEs ® and which prevents a fast elimination by renal filtration. However, due to the missing Fc-fragment of TandAbs, the half-life is shorter than those of full length antibodies.
Therefore, the dosing should be more frequent than weekly over the first 1-2 weeks of treatment in order to maintain a basic trough serum level during the initial saturation phase of the treatment.
ADAs were detected in about half of the patients. It is not known against which part of AFM13 the antibodies are directed. Of note, AFM13 is a chimeric antibody with a murine anti CD30 variable domain. Half of the detected ADAs had neutralizing potential. However, no impact of ADAs on safety or efficacy could be shown in this small study. As expected, there was no correlation of ADA development with the dose administered. Since PK was only measured after the first infusion, the impact of neutralizing ADAs on PK parameters could not be assessed. These facts together with the small sample size of this phase I study warrant further investigations of the development of ADAs in future clinical studies.
Since there was no study cohort with three responders, the OBD could not be identified.
However, the data of this phase I study indicate that clinical and pharmacodynamic activity of AFM13 was more pronounced at doses of ≥ 1.5 mg/kg. Looking at data of respective dose cohorts, i.e. ≥ 1.5 mg/kg (n=13), the ORR was 23% and the disease control rate was 77%. All patients had progressive disease at AFM13 initiation, and tumor shrinkage was observed in 8 of 13 patients (61.5%) treated with AFM13 ( Figure 3C ).
Importantly, tumor shrinkage was also observed in 3/7 patients refractory to their most recent treatment with brentuximab vedotin and only 1/7 patients had PD. Like AFM13, brentuximab vedotin targets CD30, however, the effector mechanism of these substances is entirely different: AFM13 activates the patient's cell-based immune system to target the tumor, whereas brentuximab vedotin delivers a chemotherapeutic agent into the lymphoma cell.
Chemotherapies usually result in rapid clinical effects, however, the safety profile is often less favorable and resistance to the cytotoxic components occurs frequently in relapsed/refractory settings. These characteristics have also been observed with brentuximab vedotin: the ORR for brentuximab vedotin was 50% in a phase I study in relapsed/refractory HL 32 15 . On the other hand, the duration of the effect was short with an overall progression free survival of less than 6 months and the safety was less favorable with peripheral neuropathy occurring in 42% of the patients in the phase II study 15 . In contrast to that, clinical response to immunotherapies may occur late, but may be of longer duration 33 .
One hurdle for the development of cancer immunotherapies is the so-called pseudoprogression which can lead physicians to discontinue treatment even though the tumor did not truly progress 34 . In fact, physicians who treated patients in this clinical study described a "flare-up" of the tumor lesions in at least two patients shortly after starting AFM13
treatment. It has therefore to be further investigated whether this flare is caused by tumor growth or by infiltrating immune cells. Consequently, tumor assessments should not be done too early because of potentially misleading results. In addition, a 4-week therapy with AFM13
is most likely not sufficient to reach the maximum therapeutic effect of the immunotherapy.
The biomarker analyses showed that AFM13 treatment resulted in a decrease of total NK-cell numbers in the peripheral blood immediately after infusion which resolved completely during the treatment interval. We assume that this was caused by recruitment of NK-cells to tissue/endothelia rather than depletion. Furthermore, AFM13 induced a clear activation of NK-cells measured in peripheral blood. The kinetics of NK-cell activation were close to pharmacokinetics, i.e. after a peak following AFM13 infusion values decreased to baseline prior to the next infusion (Figures 2 and 4) . These results of NK cell biomarker analyses strongly suggest that a weekly regimen, in particular over the first days or weeks of the treatment when a high antigen load is available, may not be sufficient for saturation. This underlines the need for a modified dose regimen of AFM13, at least over the first treatment period and is consistent with conclusions from PK findings.
The concentration of sCD30 clearly decreased after the administration of AFM13. It is currently uncertain whether this effect is due to binding of AFM13 to sCD30 or due to the anti-tumor effect of AFM13. Further biomarkers deserve more investigation because of a lack of conclusive data from this phase I study. However, it is well known that markers measured in peripheral blood do not necessarily represent the situation in the tumor or its environment.
It is therefore of utmost importance to take biopsies prior to and during AFM13 treatment to better understand the immunological process. 
